The hybrid density functional (B3LYP/6-31G(d, p)) method was used to understand why 1,2-dimethyl dodecahedrane has not been reported yet. From the direct dimethyl substitution of the dodecahedrane cage, we could have five C 20 H 18 (CH 3 ) 2 derivatives which were geometrically optimized without constraints. The results suggest that 1,16-dimethyl dodecahedrane derivative is the most stable, whereas the 1,2-dimethyl derivative is the most unstable; this implies that the distortion due to steric hindrance interactions would be a crucial effect on the relative energies of the dimethyl dodecahedranes. It would be disadvantaged thermodynamically for 1,2-dimethyl derivative that, in the experimental results, was not synthesized yet. The LUMO of each of the derivatives was equivalently delocalized over the void within the cage, implying that dimethyl derivatives are able to encapsulate atoms at the center of the cage. The HOMO was limitedly delocalized on the cage. The characteristics of the HOMO of derivatives show three patterns, implying that each derivative might undergo one of three entirely different sets of characteristic chemical reactions with electrophilic reagents.
Introduction
The geometry of fullerenes obeys the isolated-pentagon rule. However, this rule cannot be satisfied for the smallest fullerene C 20 , which contains twelve 5-membered rings (MRs) and zero 6-MRs. Therefore, the C 20 fullerene would be highly reactive owing to the fusion of strained 5-MRs. Furthermore, this strain could be removed through reactions of C 20 that form sp 3 bonds. By using density functional theory method, the structures and electronic states of alkyl radicals (R, C H 2 +1 , = 1-4) added to C 20 fullerenes were investigated [1] . Also it was proposed that thiyl radicalpromoted polycyclization to form dodecahedrane would be exergonic [2] .
Density functional calculations of the reactions CX 3 radical + C 20 H 20 (X = H, F, Cl, and Br) based on two pathways (H-displacement and H-abstraction from C 20 H 20 ) showed that CH 3 radical prefers H-abstraction from C 20 H 20 while Fdisplacement is favorable for the reaction of CF 3 radical with the fullerene. Exothermic characters of H-abstraction with the lower potential barrier indicate that the H-abstraction would dominate the reaction CCl 3
• + C 20 H 20 while endothermic characters with high potential barrier heights for two reaction pathways of C 20 H 20 with CBr 3
• indicate unfavorable thermodynamically and kinetically pathways for these reactions [3] .
Using the PBE0/cc-pVDZ quantum chemical method, dipole moments, polarizabilities, the first hyperpolarizabilities for 1,2-diethynyldodecahedrane C 20 H 18 (CCH) 2 and diethynylmethanododecahedrane C 20 H 18 C(CCH) 2 including two neighboring ethynyl groups in vacuum and in tetrahydrofuran (THF) were reported [4] .
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Journal of Chemistry A dodecahedrane derivative, namely, the D 3d symmetric 1,16-dimethyl derivative, has been synthesized experimentally [5] [6] [7] [8] . Since then, the synthesis of methyl-substituted dodecahedrane was also confirmed by X-ray analysis. Moreover, Pólya's theorem was applied to the enumeration of substituted dodecahedrane isomers [9] . The total synthesis of dodecahedrane was confirmed by the single-peak nature of the 1 H and 13 C NMR spectra [10] , as well as the X-ray spectra [11, 12] . Methyl dodecahedrane, 1,4-dimethyl (C s ), 1,6-dimethyl (C 2v ), 1,16-dimethyl (D 3d ) dodecahedranes, and trimethyl dodecahedrane have subsequently been reported [13] [14] [15] . However, at present no 1,2-dimethyl (C 2v ) and 1,7-dimethyl (C 2 ) dodecahedranes have been reported, yet.
The structures of dodecahedrane and its derivatives were studied at the level of molecular mechanics calculations [16, 17] , INDO calculations [18] , and hybrid density functional B3LYP calculations [19] . Recently the relative energies, electronic properties, and atomic structures of disubstituted C 20 H 18 X 2 regioisomers (X = F, Cl, Br, or OH) at the level of B3LYP/6-31G(d,p) have been determined [20] . Here the predominant electronic configurations of the regioisomers with all substituents X which are higher electron negativity than carbon are not so different, but the HOMO and LUMO maps for five regioisomers are not similar, implying that different exohedral complexes may undergo a distinct set of characteristic chemical reactions.
However, to the best of our knowledge, no the first principle calculations of the full optimization of the five dimethyl dodecahedranes, C 20 H 18 (CH 3 ) 2 derivatives using B3LYP/6-31G(d,p), have been reported. Such calculations would be required in order to understand, in the point of energetics, why only three derivatives have been synthesized. Accordingly, in this study we determine the relative energies, electronic properties, and atomic structures of five derivatives with the same spin state, following the methods of Hwang et al. 2012 [20] . Also it is interesting to see the effect of the methyl substituents on the frontier orbitals, because carbon atoms have the same electronegativity in the substituents and the cage.
Calculations
In this study, hybrid density functional theory (DFT) with Becke's three-parameter hybrid method and the Lee-YangParr exchange-correlation functional theory (B3LYP) [21] [22] [23] [24] [25] [26] [27] [28] were used to optimize the geometries of the C 20 H 20 and five dimethyl derivatives C 20 H 18 (CH 3 ) 2 , as shown in Figure 1 . Furthermore, the electron basis set 6-31G(d,p) was used [25] . We fully optimized the geometries of all the C 20 H 18 (CH 3 ) 2 derivatives using the Gaussian 2003 B.04 and Gaussian 2009 D01 package suites [26, 27] . We obtain highly accurate geometries, by using the convergence criterion with tight optimization and an ultrafine pruned (99,590) grid. Here, we analyzed the relative energies as well as the HOMO and LUMO orbitals of the derivatives [20, 28] .
To attest the veracity of the B3LYP/6-31G(d,p) relative energy values, as shown in Supplementary Material (see Supplementary Material available online at https://doi.org/ 10.1155/2017/5494038), we calculated single-point energies at Sites, Derivatives, Sym. the levels of M06-2X [29] , PBE [30] , B98 [31] , B97D3 [32, 33] , B3LYPD3 [21, 22, 33] , PBED3 [30, 33] , and M06-2XD3 [29, 33] with 6-31G(d,p) basis set on the optimized geometries and using the Zero Point Energy-Correction (ZPEC) already obtained at the B3LYP/6-31G(d) level, using Gaussian 2009 D01 package suites [27] . Here D3 represents the dispersioncorrected functional with the D3 version of Grimme's dispersion with Becke-Johnson damping [33] . Also using the post-HF MP2 [34] /def2-TZVPP [35] //B3LYP/6-31G(d) level, we computed the energies as single-point calculations with the ZPEC already obtained at the B3LYP/6-31G(d) level.
Results and Discussion
By performing calculations for the full optimization of the atomic structures of the five C 20 H 18 (CH 3 ) 2 derivatives using B3LYP/6-31G(d,p) without any constraints, we determined the relative energies of the derivatives in Table 1 with the symmetries as shown in Figure 1 . The geometrical structures and the frontier orbitals (HOMOs and LUMOs) of the five C 20 H 18 (CH 3 ) 2 derivatives are shown in Figure 2 . The calculated C-C bond length in the cage of neutral C 20 H 20 with ℎ symmetry is 1.556Å, which is in the range of the experimental result (i.e., 1.555 ± 0.001Å) [36] .
In the five dimethyl derivatives whose geometries were fully optimized, the relative Zero Point Energy-Correction (ZPEC) energies of dimethyl dodecahedranes are arranged in the following order:
Journal of Chemistry 3 < 1,2-dimethyl derivative (cis-1, C 2v ). The distance between dimethyl groups in the 1,16-dimethyl derivative with the lowest energy is the longest among these. In 1,2-dimethyl derivative, the two substituents are located on the surface of the C 20 H 20 fullerene within a distance that is shorter than the van der Waals distance (i.e., 3.4Å).
The increasing order of relative ZPEC energies in them is the same to the decreasing order of the distance between the two methyl groups of derivatives. As shown in Figure 3 and Supplementary Materials, the veracity of the B3LYP/6-31G(d,p) relative energy values is attested at the levels of M06-2X, PBE, B98, B97D3, B3LYPD3, PBED3, and M06-2XD3, and MP2 in the point of view that the relative energy of cis-1 is about 10 kJ/mol higher than the others. The difference of relative energies of four isomers except cis-1 is less than 0.7 kJ/mol in the levels of DFT but within 2 kJ/mol in the MP2 method.
Our result suggests that both the strength of the cage distortion and the van der Waals force between the pair of methyl groups of derivatives are important factors that affect the position of exohedral dimethyl substitution on the dodecahedrane cage. And it could be suggested that in 1,2-dimethyl derivative, steric impedance brought on by the nearby two methyl groups is very crucial. It is interesting to compare the results above with the case of C 20 H 18 X 2 (X = F, Cl, Br, OH). In this case, except for the dihydroxy derivative, 1,2-disubstituted derivatives have the highest energy whereas 1,16-derivatives have the lowest energy; however, in the dihydroxy derivatives, the increasing order is reversed [20, 37] .
Here our calculations concerning the dimethyl dodecahedrane derivatives could explain the fact why three dimethyl dodecahedrane derivatives were reported in X-ray and NMR experiments [7, 15] , but the 1,2-dimethyl dodecahedrane derivative has not been synthesized yet. And it could be suggested that the more stable derivative in the viewpoint of energetics could be synthesized easier than others.
In the following substitution reaction, the thermal reaction energies are endothermic: and 1,2-dimethyl derivative (cis-1, C 2v ) , respectively. Even though the very small variation of Gibbs free energy is not sufficient to decide which structure should be totally experimentally disfavored, it could suggest that, in the point of thermodynamics, a synthesis of cis-1 isomer might be a little difficult compared to the others. In the experimental results, dodecahedrane, methyl, and dimethyl derivatives are synthesized [12] , but cis-1 and equatorial isomers are not synthesized yet. 
Conclusion
We obtained the fully optimized geometries of the C 20 H 18 (CH 3 ) 2 derivatives (the smallest fullerene disubstituents) without any constraints using the hybrid B3LYP/6-31G(d,p) density functional method. We observed that the relative energy of the C 20 H 20 disubstituted derivatives is mostly dependent on the distance between the pair of two methyl groups. It is interesting to note that the 1,2-dimethyl derivatives is less stable than the 1,16-dimethyl derivative. This implies that, in the C 20 H 18 (CH 3 ) 2 derivatives, the effect of distortion due to the steric hindrance interactions on the relative energy would be crucial. Therefore, our calculations in the point of thermodynamic view could support the experimental results, wherein three dimethyl dodecahedrane derivatives except the 1,2-dimethyl dodecahedrane derivative were preparative-synthetic and suggest that 1,7-dimethyl derivative (equatorial, C 2 ) would be synthesized in the near future.
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